Introduction
The mechanism and effects of environmental factors on motility in cyanobacteria have not been clearly defined, although several species of both filamentous and unicellular cyanobacteria have been shown to be motile (Castenholz, 1982; Ha È der, 1987) . Both gliding and twitching motility are observed in cyanobacteria. Gliding occurs in filamentous cyanobacteria such as Oscillatoria and Phormidium species and requires contact with a solid surface, and movement occurs in a direction parallel to the long axis of the filament. It was recently shown that strains of Phormidium uncinatum deficient in an extracellular glycoprotein called oscillin are unable to move Baumeister, 1995, 1997) . In certain marine unicellular cyanobacteria such Synechococcus sp. WH8102, there is`swimming' motility. The generation of thrust for this type of motility requires SwmA, an outer membrane protein with features similar to that of oscillin (Waterbury et al., 1985; Brahamsha, 1996) . Both oscillin and SwmA have characteristic repetitive motifs that may bind Ca 21 . Furthermore, directional motility in both the unicellular and filamentous cyanobacteria appears to depend on Ca 21 , although the exact role of this cation in motility is not clear (Castenholz, 1982; Ha È der, 1987) . Although P. uncinatum and the marine swimming cyanobacterium Synechococcus sp. WH8112 have no obvious cell appendages, fimbriae or pilus-like structures have occasionally been observed on the surface of certain unicellular and filamentous cyanobacteria (Dick and Stewart, 1980; Lounatmaa et al., 1980; Vaara, 1982; Vaara et al., 1984) . Recently, we have shown that the cell surface of the freshwater cyanobacterium Synechocystis sp. PCC6803 is densely covered with pilus-like appendages and that inactivation of the Synechocystis sp. PCC6803 gene encoding an alternative sigma factor designated SigF (gene slr1564 in Cyanobase) eliminates all apparent cell-surface appendages and abolishes motility (Bhaya et al., 1999) . The sigF gene product appears to be required, either directly or indirectly, for the biosynthesis of pili and the accumulation of pilA1 mRNA, which encodes pilin, the major structural component of type IV pili. These results suggested that type IV pili were essential for motility in at least some of the unicellular cyanobacteria.
Gliding or twitching motility has been observed in many Gram-negative bacteria and is usually defined as a type IV pilus-based mode of surface translocation along the long axis of the cell. The mechanism and molecular control of motility and pilus biogenesis has been most studied in Myxococcus xanthus (for recent reviews, see Youderian, 1998; Spormann, 1999; Wall and Kaiser, 1999) and in the pathogenic microorganisms Pseudomonas aeruginosa, Neisseria gonorrhoeae and the enteropathogenic strain of Escherichia coli (EPEC) (Lauer et al., 1993; Darzins and Russell, 1997; Bieber et al., 1998; Semmler et al., 1999) . Several genes required for type IV pilus biogenesis have been identified in these organisms. In particular, the M. xanthus genome has a cluster of pil genes that are required for pilus biogenesis (Wu and Kaiser, 1995; Wall and Kaiser, 1999) . Many of these genes have possible homologues in the Synechocystis sp. PCC6803 genome (Table 1 and Fig. 1 ). This information was used to confirm that type IV pili are necessary for motility of Synechocystis sp. PCC6803 and to demonstrate that proteins required for type IV pilus biogenesis in other bacteria have analogous functions in cyanobacteria. Furthermore, it has been used to establish a correlation between specific structures on the surface of Synechocystis sp. PCC6803 cells and type IV pilus-dependent motility. Specifically, we inactivated two tandemly arranged pilA genes (pilA1 and pilA2) that may encode major structural subunits of pili. In addition, we inactivated pilD, which encodes the bifunctional leader peptidase/methylase required for processing PilA subunits, pilC, which encodes a polypeptide needed for pilus assembly, and two pilT-like genes (pilT1 and pilT2), which encode ATP-binding polypeptides that are critical for motility in other bacteria. The pilA1, pilT1, pilC and pilD mutants are all non-motile, whereas the pilA2 and pilT2 strains maintain motility. Interestingly, under all conditions tested, the pilT2 mutant moves exclusively away from a unidirectional light source.
Electron microscopy of wild-type cells and various pil mutants revealed the presence of at least two pilus morphotypes. One pilus morphotype (denoted thick pili) has most of the functional and morphological characteristics of type IV pili and appears to be encoded by pilA1. The second pilus morphotype (thin pili) has a smaller diameter and is shorter than typical type IV pili. Although the mutants interrupted for the pilD and pilC genes accumulate no pili on the cell surface, the pilT1 mutant is Physical map of the loci containing the pilA1A2, pilT1C, pilD and pilT2 genes. The six pil genes and strategies used to inactivate each are represented diagrammatically. The arrangement of pil genes in each locus is given, as well as the identity and orientation of the flanking gene on each side of the targeted pil gene. Line 1, the cat gene was inserted into a HpaI (H) site of pilA1 and the spec gene was inserted into a KpnI (K) site of pilA2. Line 2, a 0.46 kbp fragment was excised from pilT1 with SmaI (S) and replaced with the cat gene, and a spec gene was inserted into an EcoRI (E) site in pilC. Line 3, A 0.57 kbp fragment was excised from pilD with BamHI (B) and replaced with the kan gene. Line 4, the kan gene was inserted into an EcoRI (E) site of pilT2.
hyperpiliated, with a substantial increase in thick (type IV) pili. The pili of the pilA2 and pilT2 mutants are indistinguishable from those of wild-type cells. Furthermore, hyperpiliation of the pilT1 mutant is paralleled by a five-to sevenfold increase in the level of pilA1 mRNA. These results are discussed in the context of control of pilus biogenesis and assembly.
Results
We have shown that the surface of Synechocystis sp. PCC6803 cells contain profuse peritrichously arranged pili. The Synechocystis sp. PCC6803 genome encodes six genes that show similarity to pilA. Of these, the two pilA genes most similar to those present in M. xanthus and P. aeruginosa are pilA1 (sll1694) and pilA2 (sll1695). A strain of Synechocystis sp. PCC6803 in which both the pilA1 and pilA2 genes (pilA1A2 mutant) had been inactivated was no longer motile but still retained pili (Bhaya et al., 1999) .
To analyse further pilus-like appendages on the Synechocystis sp. PCC6803 cell surface, we obtained highly resolving transmission electron micrographs and noted that wild-type cells contain two distinct pilus morphotypes ( Fig. 2A) . These two morphotypes, denoted thick and thin, are distinguishable by differences in their diameters, lengths, morphologies and relative abundance. The thin pilus morphotype has a diameter of 2± 3 nm and a length of 500±1000 nm (Fig. 2B ). These pili are profuse and appear to be distributed about the entire surface of the cell. In some micrographs, they are stretched straight (or rigidly) from the surface whereas in others they appear to be wavy (Figs 2 and 3), which might be a function of the growth conditions (e.g. pH) or the way that the cells are placed on the grid before microscopy. The second morphotype (thick pili) has a diameter of 6±8 nm and a length of at least 1000± 2000 nm. In low magnification micrographs, one observes that these thick pili often form links between cells ( Fig. 2A ; Bhaya et al., 1999) , although the functional significance of such connections are not known. At higher magnification, the thick pili often appear twisted or knotted (Fig. 2B) ; this is a morphological detail never associated with the thin pili and may be an indication of flexibility. There are considerably fewer thick than thin pili and it is not clear whether these thick pili are more concentrated at a particular pole of the cell. Notably, the thick pilus morphotype was absent in the pilA1A2 mutant (see below).
To extend the observation that the pilA1A2 mutant lacked thick pili, the pilA1 and pilA2 genes were individually inactivated, and both the motility and pilus morphology of the resultant strains were determined. Specific inactivation of pilA1 resulted in a strain that was devoid of all thick pili and appeared to have only the profuse thin pili ( Fig. 3A and C), whereas cells in which the pilA2 gene was specifically disrupted were indistinguishable from wild-type cells with respect to pilus morphology (Fig. 3B and D) . Motility assays showed that the pilA2 mutant was motile whereas pilA1 mutants were non-motile (Fig. 4C) . It was consistently observed that the pilA1 mutant appears bleached (or yellow±green in colour) after a prolonged period on plates; the cause of this is not known and is under investigation. These findings demonstrate that the thick pili are required for motility and that the PilA1 polypeptide is probably the major structural subunit of thick pili. The morphological characteristics of thick pili and the observation that they are required for motility suggests that they are the Synechocystis sp. PCC6803 functional equivalents of type IV pili. It is not known whether the thin pili play a role in motility.
Several genes are required for the biogenesis of type IV pili, and in M. xanthus most of these genes are clustered at the sgl1 (or pil) locus whereas in P. aeruginosa they are dispersed among several loci (Wall and Kaiser, 1999) . The functions of many of these genes, which appear to be present in all organisms that display twitching or gliding motility, have been elucidated (Darzins and Russell, 1997; Shimkets, 1999; Spormann, 1999; Wall and Kaiser, 1999) . As mentioned earlier, PilA polypeptides are the major structural components of pili. PilC is a cytoplasmic membrane polypeptide required for pilus assembly. PilD is a dual function leader peptidase that processes the PilA precursor and N-methylates the first amino acid of the mature protein. PilT contains a highly conserved nucleotide binding domain and is thought to be critical for the functioning of the motor that drives type IV pilusdependent motility (Wall and Kaiser, 1999) .
The Synechocystis sp. PCC6803 genome (Kaneko et al., 1996) encodes several putative homologues of polypeptides critical for motility and pilus biogenesis; these are presented in Table 1 . The tentative identification of these homologues is based on comparisons of the M. xanthus and/or P. aeruginosa polypeptides with the Synechocystis sp. PCC6803 open reading frames (ORFs) in Cyanobase. Some of the pil genes are represented as multigene families; there are six different genes with sequence similarity to pilA and at least two with similarity to pilT. Although the different PilA polypeptides are primarily similar at their amino termini, the PilT polypeptides are similar (40% identical and 51% similar) along their entire length (Fig. 5) . However, PilT2 has an aminoterminal extension of about 80 amino acids which is not present in either PilT1 or PilT of P. aeruginosa and which is very rich in proline residues. The putative pil genes of Synechocystis sp. PCC6803 are located at six different loci ( Fig. 1 and Table 1 ). The pilD, pilB and pilT2 genes are dispersed about the genome, whereas pilA1 and pilA2 are tandemly arranged. There are two gene clusters, pilMNOQ and pilT1C. In the original annotation (Cyanobase), the sequence that immediately precedes and overlaps with pilC on the genome was designated gspF (slr0162). We resequenced this region of the genome in the Synechocystis sp. PCC6803 strain that we are using and found a single base difference with respect to the reported sequence between positions 2204576 and 2204584. There is a string of eight Gs in our strain that was reported as nine Gs in the original sequence in Cyanobase. The frameshift resulting from this sequence change joins the gspF and pilC ORFs. The ORF of the fused sequence has 405 codons, and the product now more closely matches the PilC polypeptide both in size and similarity along its entire length (34% identical, 47% similar). It is unclear whether strain differences or an error in the original reported sequence account for the disparate results. It is notable that the Synechocystis sp. PCC6803 strain for which the complete genome sequence was reported is not motile; the lack of motility may be a consequence of the putative frameshift mutation in pilC.
To determine whether the putative pil genes of Synechocystis sp. PCC6803 are involved in pilus biogenesis and motility, we generated mutants disrupted for pilC, pilD and pilT (Fig. 1) , confirmed the disruptions by PCR (data not shown) and analysed the mutant strains with respect to motility and cell-surface architecture. The typical phototactic response of wild-type cells to a unidirectional light source is shown in Fig. 4A , in which groups of cells move towards the light, forming finger-like projections that emanate from the edge of the streak. At higher magnification, it is apparent that most cells are aggregated at the moving tip of the projection (Fig. 4C) , although some cells are also found along the path of the projection. To assay for motility in the various pil mutants, 10 ml of exponentially growing cells were spotted onto agar plates placed in a unidirectional light source, as shown in Fig. 4C . Like the pilA1 mutant, strains inactivated for pilC, pilD or pilT1 were non-motile. Thus, even after a period of 5 days, the edges of the spots are very sharp, whereas in the wild-type spot one sees the mass of cells has moved in the direction of the light. In contrast, the strain deleted for pilT2 is still motile but, under conditions in which wild-type cells move towards the light, the pilT2 mutant moves away from the light. The unidirectional light source was varied in intensity from 5 to 100 mmol m 22 s 21 photons; in all instances, the pilT2 mutant moved away from the light (data not shown). These results demonstrate that the cyanobacterial PilD, PilC and PilT1 polypeptides are critical for motility and are probably functional homologues of the analogous Pil proteins in other bacteria. Interestingly, the PilT2 polypeptide of Synechocystis sp. PCC6803 appears to be important for the direction of movement and/or the orientation of the cells with respect to the direction of incident light. Electron micrographs of wild-type cells and pilC, pilT1 and pilD mutants are shown in Fig. 6A (upper left, lower left, upper right and lower right respectively). Neither the pilD nor the pilC mutant appears to have any pili on its cell surface, consistent with the presumed roles of their gene products in pilus biogenesis. In contrast, the pilT1 mutant shows a dramatic increase in the number of pili on its cell surface relative to wild-type cells (Fig. 6B) . Examination of multiple fields of cells using electron microscopy suggests that there is an increase only in the thick pili in the pilT1 mutant (the density of thin pili remains approximately the same as in wild-type cells, although this is difficult to quantify because of the increased density of thick pili). Hence, even though the pilT1 mutant has both populations of pili and an increase in the pilus morphotype that appears to be important for motility, the mutant strain exhibits no movement. The phenotype of the pilT1 mutant demonstrates that PilT1 in Synechocystis sp. PCC6803 is critical for pilus function. However, it is not clear whether motility is directly affected in the mutant strain, or whether the lesion indirectly ablates the generation of a vectorial force by altering the ratio of different pili and their spacing on the cell surface. The number and distribution of pili along the cell surface of the pilT2 mutant appeared to be similar to that of wild-type cells (data not shown).
As the level of pili in the pilC, pilD (no pili) and pilT1 (increased numbers of the thick pilus morphotype) mutants was altered, we performed Northern blot hybridizations, presented in Fig. 7 , to examine the level of pilA1 and pilA2 mRNA. The pilA1 mRNA accumulates to high levels in wild-type cells and in the pilA2 mutant, whereas there was no detectable transcript in the pilA1 mutant (Fig. 7A) . No pilA2 mRNA could be detected in the wild-type, pilA1 or pilA2 mutants (Fig. 7B) . The pilD, pilC and pilT2 mutants synthesize approximately normal levels of pilA1 mRNA, whereas the accumulation of pilA1 mRNA in the pilT1 mutant increased by five-to sevenfold relative to that of wild-type cells (Fig. 7C) . These results suggest that, in addition to regulating the function of type IV pili, the action of PilT1 (whether direct or indirect) is important for controlling expression of the pilA1 gene. The inability of the pilT1 mutant to control expression of pilA1 properly may lead to the hyperpiliation phenotype. Because hyperpiliation appears to involve the specific synthesis of additional type IV pili, these data add support to the Fig. 5 . Alignment of PilT1 (slr0161), PilT2 (sll1533) and PilT of P. aeruginosa (Pseu). Black boxes indicate identical or conserved residues in all three of the sequences. Grey boxes indicate conserved or identical residues in two of the three sequences. Comparisons were performed using CLUSTAL and alignments were plotted using the GENEDOC program. The conserved Walker box (nucleotide-binding domain) is underlined with a thick bar. conclusion drawn from analysis of the phenotype of the pilA1 mutant that implicates PilA1 as the major structural subunit of type IV pili.
Discussion
Here, we report the identification of two distinct pilus morphotypes, designated thin and thick pili on the basis of the diameter of the pilus filament. This finding prompted a closer examination of biogenesis of the different pilus morphotypes and their role in phototaxis and motility.
Function of pilus morphotypes
Type IV pili have been described as flexible appendages with a diameter of approximately 6 nm and a variable length of up to 2.5 mm. These pili are composed of polymers of repeating pilin subunits encoded by the conserved pilA genes. Furthermore, type IV pili are often confined to the poles of the cell (Strom and Lory, 1993; Wall and Kaiser, 1999) . Based on their role in motility as well as their diameter, variable length and the finding that their synthesis requires PilA1, the thick pilus morphotype of Synechocystis sp. PCC6803 is structurally analogous to type IV pili. It is unclear whether the thick pili of Synechocystis sp. PCC6803 are polarly located, although we do observe small clusters that are asymmetrically grouped around the cell perimeter (D. Bhaya, unpublished) . Type IV pili are also characterized by their function in adhesion and gliding motility in various Gram-negative bacteria, as well as by the distinct pathway used in their biogenesis. Based on studies in several different organisms, type IV pilus biogenesis requires a complex assemblage of polypeptides that are needed for post-translational modifications (e.g. PilD) and assembly and export (e.g. PilC, PilQ, etc.) of the pilins. These polypeptides are variously located in the cytoplasmic membrane, in the periplasm or in the outer membrane and appear to be related to components required for assembling the type II secretion apparatus (Russel, 1998) . For example, PilD has been shown in P. aeruginosa to be necessary for both type II secretion and the biogenesis of type IV pili (Strom et al., 1991) . In Synechocystis sp. PCC6803, the inactivation of the pilC or pilD gene yielded mutants that were non-motile and devoid of thick and thin pili. Hence, the system required for the biogenesis of the thick type IV pili may also be required for assembling thin pili. This raises interesting questions concerning the physiological role and biogenesis of the different pilus morphotypes.
At this point, we know neither the function of the thin pili nor which genes encode their structural subunits. However, there are at least four other pilA-like genes (sll1929, sll1930, slr1456 and slr2016) that might serve as major structural components of pili. These putative polypeptides are primarily similar to PilA at the amino terminus, which is conserved among most bacterial PilA polypeptides. Furthermore, these PilA-like polypeptides each have a conserved glycine residue at the potential leader peptide cleavage site (21 position), a conserved phenylalanine (except for slr1929 and slr1930, which both have tryptophans) at the 11 position and a conserved glutamic acid residue at position 15, which has been implicated in N-methylation of the mature pilin. In all pilA genes, the similarity is confined mainly to the amino terminus and similarities are weaker at the carboxy terminus. Thus, it is possible that the thin pili are encoded by one or more of these pilA-like genes. Other genes that are important in pilus biogenesis with possible homologues in Synechocystis sp. PCC6803 are pilB and a gene cluster that includes pilM, pilN, pilO and pilQ. The consequences of inactivation of these genes on the formation of pili and motility have not been tested.
Although the thin pili are not sufficient for maintaining Synechocystis sp. PCC6803 motility, we cannot rule out the possibility that they also contribute to motility. Interestingly, these thin pili are similar in size and arrangement to fibrils, which are located on the cell surface of many Gram-negative bacteria. These fibrils play a critical role in social motility in M. xanthus and may facilitate the interactions of cells within a population (Behmlander and Dworkin, 1991; Shimkets, 1999) . They may also be important for the colonization of microenvironments by forming anchors that enable cells to adhere to Fig. 7 . Northern blot hybridization. RNA from wild-type cells (WT), the pilA1 and pilA2 mutants was probed with a gene-specific probe for pilA1 (A) and pilA2 (B). RNA from wild-type cells (WT), pilT1, pilT2, pilD and pilC mutants was probed with a pilA1 gene-specific probe (C). All lanes were loaded with 10 mg of total RNA. a variety of surfaces. Electron microscopic analyses and motility assays performed on strains disrupted for each of the pilA genes, and for various combinations of these genes, will help define the structural components that contribute to the synthesis of the thin pili and the role of these pili (if any) in motility.
Pili are also important for transformation competence, or the ability of bacterial cells to take up exogenous DNA. Thus, loss of pili or fimbriae leads to a dramatic reduction of competence in Neisseria and other species (Tennent and Mattick, 1994; Wolfgang et al., 1998) . The pilD and sigF mutants of Synechocystis sp. PCC6803 are not capable of making pili and, under all conditions tested, are not competent for transformation (G. Shen, D. Bryant and D. Bhaya, unpublished) . Furthermore, the Synechocystis sp. PCC6803 pilA mutant, which is only missing the thick type IV pili, and the pilT1 mutant, which produces excess thick pili, have also been recalcitrant to transformation. These results suggest that the functional thick pilus morphotype may be important for transformation competence in Synechocystis sp. PCC6803, which is known to be naturally transformable (Porter, 1988) .
Expression of pilA genes
The pilA1 and pilA2 genes are contiguous on the Synechocystis sp. PCC6803 genome. The pilA1 transcript accumulates to high levels in wild-type cells and is critical for the synthesis of the thick pilus morphotype. In contrast, we have been unable to detect a transcript for pilA2. Furthermore, although a typical AG-rich Shine±Dalgarno sequence is located upstream of the pilA1 coding region, no such sequence appears upstream of the pilA2 coding region. Finally, inactivation of the pilA2 gene had no apparent effect on motility or pilus morphology and abundance. Hence, under the conditions tested, the pilA2 gene is either not active or active at a very low level, and the gene product does not play a significant role in motility or the biogenesis of pili.
Synechocystis sp. PCC6803 has two pilT genes, of which pilT1 appears to be critical for pilus function as well as for the regulation of pilA gene expression. PilT polypeptides have ATP-binding domains or`Walker boxes', and it has been previously suggested that they serve as a component of the motor that converts chemical bond energy into mechanical energy (Bradley, 1980; Wall and Kaiser, 1999) . Interestingly, a Synechocystis sp. PCC6803 strain deleted for pilT1 is hyperpiliated. This phenotype is similar to the phenotype of EPEC and P. aeruginosa strains that do not synthesize functional PilT1 (Whitchurch and Mattick, 1994; Bieber et al., 1998) . The increase in the number of thick pili correlates with an increased level of pilA1 mRNA. However, whereas the pilT1 strain accumulates aberrantly high levels of pilA1 mRNA and an increased density of thick pili on their surface, the mutant cells are non-motile. The mechanisms by which PilT1 influences the expression of the pilA1 gene, the biogenesis of thick pili and cellular motility have not been established. Mechanisms that compensate for the inability of cells to move may result in the activation of pilA1 transcription and the synthesis of more potentially functional pili. However, this is probably not the case as non-motile mutants generated by disruption of pilC or pilD exhibit wild-type levels of the pilA1 transcript. On the other hand, it is possible that PilT1 is required for modification of PilA1 subunits (e.g. phosphorylation/dephosphorylation) and that the pool of modified subunits is important for controlling transcriptional activity of the pilA1 gene. These speculations require further testing.
In a number of bacteria, the biogenesis of type IV pili is regulated by the alternative sigma factor RpoN, which works in conjunction with the PilR/PilS two-component regulatory system (Mattick et al., 1996; Wall and Kaiser, 1999) . The genome of Synechocystis sp. PCC6803 does not encode a RpoN-like sigma factor. Instead, the pilA1 gene and pilus biogenesis appears to be regulated by SigF (a group III alternative sigma factor that is distinct from RpoN). No pilA1 transcript was detectable in the sigF mutant (Bhaya et al., 1999) , although it is still unclear whether this control is direct and whether it involves other regulatory elements.
Directional motility
The pilT2 mutant, under all conditions tested, only exhibits backward motility, relative to the direction of light. Hence, in contrast to PilT1, PilT2 is not absolutely required for motility but appears to influence the direction of movement. Furthermore, a mutant in pilT2 exhibits neither an increase in the level of pilA1 mRNA nor hyperpiliation. The inability of the pilT2 mutant to move forward is consistent with a direct role for this polypeptide in motor operation. However, it may also influence the direction of movement through a modification of pilin subunits. Finally, it is also a formal possibility that the pilT2 mutant is more light sensitive than wild-type cells and therefore reacts in a photophobic manner even when exposed to low-intensity unidirectional light. Recent work has shown that various strains of a unicellular thermophilic Synechococcus species respond differentially to a given light intensity; some move away whereas others move toward the light source. Furthermore, within the population of a single cyanobacterial strain, some cells move towards low intensity light whereas others move away (Ramsing et al., 1997) . Although the genetic basis of this is not known, it suggests that cyanobacterial cells have both phototactic and photophobic responses. Recently, it has been observed that Synechocystis sp. PCC 6803 cells move towards 600 nm (red light) but away from 360 nm (blue UVA light) (Choi et al., 1999) . It will be important to identify the photoreceptors that perceive both the quality (or wavelength) and intensity of the vectorial illumination and the signalling elements that couple the stimulus to unidirectional movement.
Experimental procedures

Culture and growth conditions
The motile strain of Synechocystis sp. PCC6803 was grown in BG-11 medium in moderate light (50±70 mmol m 22 s 21 photons). When appropriate, antibiotics were included in the medium at a final concentration of 2 mg ml 21 ampicillin, 25 mg ml 21 spectinomycin, 10 mg ml 21 kanamycin or 25 mg ml 21 chloramphenicol.
Motility assays
Between 5 and 10 ml of exponential-phase cells were spotted or streaked onto BG-11 solid medium containing 0.4% (w/v) agar and supplemented with 15 mM glucose. The cells were maintained at 308C and exposed to unidirectional incandescent light of 40 mmol m 22 s 21 photons or to overhead illumination of 80 mmol m 22 s 21 photons.
DNA manipulation, RNA isolation and Northern blot hybridization analysis
Molecular techniques were performed according to standard procedures (Sambrook et al., 1989) . RNA was isolated from a 50 ml culture (5 Â 10 8 cells total) with yields ranging from 150 to 200 mg RNA (Bhaya et al., 1999) .
